To develop a general approach to designing cofactor-binding sites for catalytic antibodies, we characterized structural patterns in the binding sites of antibodies and zinc enzymes. Superposition of eight sets of antibody light-and heavy-chain variable domains identified structurally conserved sites within the sequence-variable complementarity determining regions. The pattern for catalytic zinc sites included two ligands close in sequence, a sequence-distant ligand, and a main-chain hydrogen bond joining two ligands. In both the light-and heavy-chain variable domains, the stereochemistry of five structurally conserved sites general to all known antibody structures matched that of the zinc ligands of carbonic anhydrase: three residues on two hydrogen-bonded antiparallel f-strands. template-based multisite design proved successful for remodeling an antibody to contain a cofactor-binding site, without requiring further mutagenesis and screening. Combination of a specific light or heavy chain containing a catalytic metal site with a library of complementary chains raised to potential substrates or transition state analogs should greatly improve the production of catalytic antibodies with desired activities and specificities.
ABSTRACT
To develop a general approach to designing cofactor-binding sites for catalytic antibodies, we characterized structural patterns in the binding sites of antibodies and zinc enzymes. Superposition of eight sets of antibody light-and heavy-chain variable domains identified structurally conserved sites within the sequence-variable complementarity determining regions. The pattern for catalytic zinc sites included two ligands close in sequence, a sequence-distant ligand, and a main-chain hydrogen bond joining two ligands. In both the light-and heavy-chain variable domains, the stereochemistry of five structurally conserved sites general to all known antibody structures matched that of the zinc ligands of carbonic anhydrase: three residues on two hydrogen-bonded antiparallel f-strands. For an indicator for metal binding. This predicted zinc-binding mutant was created in the single-chain variable domain construct, expressed, and found by fluorescence quenching to bind metal ion with an affinity constant of 106 M-'. Thus, our template-based multisite design proved successful for remodeling an antibody to contain a cofactor-binding site, without requiring further mutagenesis and screening. Combination of a specific light or heavy chain containing a catalytic metal site with a library of complementary chains raised to potential substrates or transition state analogs should greatly improve the production of catalytic antibodies with desired activities and specificities.
Catalytic antibodies are powerful tools because the diversity of the immune response can be used to generate antibodies with specific binding properties. To date, the most common strategy for producing catalytic antibodies has involved immunization with carefully designed synthetic antigens such as transition state analogs to elicit antibodies that catalyze bond cleavage (see ref. 1 and references therein), electrostatically or sterically complementary antigens to induce specific catalytic residues in the binding pocket (2, 3) , and peptide-linked metal cofactors to generate cofactor-assisted catalytic antibodies (4). Alternatively, catalytic antibodies can be produced from existing noncatalytic antibodies by the covalent attachment ofcofactors (5) and by single-site mutagenesis (6) .
To reduce the currently required extensive screening and to increase the success rate for obtaining catalytic antibodies, we have chosen to develop a general approach for remodeling antibody complementarity determining regions (CDRs) to create predetermined cofactor-binding sites. Since the cloning and expression of the antibody repertoire in microorganisms allows separate light-and heavy-chain libraries to be combined in random pairs (7, 8) , we can combine one chain designed to have a cofactor-binding site with a library of complementary chains raised against an appropriate substrate analog. These chimeric antibodies would mimic enzymes in having both a catalytic site, designed by sitedirected mutagenesis, and a binding site, created by the immune system. Here, we report the initial step towards this goal, the development and implementation of a general strategy for designing potentially catalytic metal cofactor sites in antibody light or heavy chains. By using our knowledge of the consensus three-dimensional structure of antibodies, multisite mutants can be modeled and then constructed by antibody engineering experiments (9, 10) .
We chose to design and create a zinc-binding antibody because many useful reactions, including hydrolysis, are catalyzed by zinc-containing enzymes (11) and because requirements for a catalytic zinc-binding site can be analyzed from the solved three-dimensional structures of zinc enzymes. Since hydrolysis in zinc enzymes requires a vacant metal coordination site for an activated water molecule, our remodeled antibody was designed to have three ligands that would position the zinc and its solvent-exposed site to interact with bound antigen. (12) . A slightly modified set of the common f-sheet framework residues of Chothia and Lesk (14) was used to define the one-to-one correspondence of the superposition. In the numbering scheme of Kabat et al. (15) , these were VL residues 4-6, 9, 11-13, 19-25, 33-49, 53-55, 61-76, 84-90, and 97-107 and VH residues 3-12, 17-25, 33-52, 56-60, 68-82, 88-95, and 102-112. We excluded VL residues 10 and 106A, because these residues are deleted in some sequences. The crystallographic structure (16) zinc-containing proteins: carbonic anhydrase (CAB) (17) , carboxypeptidase A (18), superoxide dismutase (19) , alcohol dehydrogenase (20) , and thermolysin (21) .
MATERIALS AND METHODS
The CDRs of the antibodies were examined for all mainchain hydrogen bonds, defined by a maximum distance of 3.5 A between nitrogen and oxygen atoms. The program INSIGHT (Biosym Technologies, Inc., San Diego, CA) was used to superimpose the C0 and Ca atoms of zinc ligands onto the antibody CDRs, to examine and analyze the resulting models, and to create Figs. 1B and 2.
A four-site mutant (QM212) of the single-chain variable region domain (Fv) construct (4-4-20/202'; Genex) was made by cloning and expression in Escherichia coli according to previously described protocols (9) . Metal binding was probed by fluorescence quenching of tryptophan residues, which occur in or near the CDRs, and by examination of the fluorescence spectrum of fluorescein as detailed elsewhere (31) .
RESULTS AND DISCUSSION
Motifs in Antibody CDRs and Metalloenzyme Catalytic Zinc-Binding Sites. The design of a functional site that can be incorporated into any member of a family ofproteins requires the characterization of common structural features shared by all members of the family. Superposition of the VL and VH framework of seven antibodies onto the McPC603 antibody revealed that the conserved 8-sheet structure of the framework region was continued into the CDRs in all structures (Fig. 1A ). These CDR regions had the characteristics required for a general potential cofactor site-conserved predictable structure with allowed sequence variability, so that mutations are unlikely to perturb the overall structure. The first CDR of VL (Li) is a Greek key loop joining nonadjacent 83-strands across the end of the p-barrel, L2 is an extended strand and p-turn (except in Newm), and L3 is a continuation of two adjacent framework p-strands with a variable connecting loop. The first CDR of VH (Hi) is an extended p-strand, H2 is two adjacent 8-strands connected by a variable loop, and H3 is a continuation of two P-strands with a highly variable connecting loop. Overall, portions of L1, L3, H2, and H3 showed the most conformational variability and were the most likely candidates for inducible complementarity and antigen binding.
A search of crystallographic structures in the Brookhaven National Laboratory Protein Data Bank (12) revealed several catalytic zinc-binding motifs. Three residues, predominantly histidine, but also glutamate, aspartate, and cysteine, coordinated the metal ion in a roughly tetrahedral geometry. Generally at least two of the ligands in zinc-binding proteins were close together in the protein sequence, as also found by a recent independent study based on sequence analysis (11) . We have found an additional important shared structural characteristic of the zinc-binding sites not shown by sequence analysis. In most catalytic sites, main-chain hydrogen bonds connected two of the zinc-ligating residues.
The metal ligand stereochemistry of these zinc-containing enzymes provided templates representing the three common secondary structure motifs with hydrogen-bonded main chains-adjacent p-strands, p-turns, and a-helices (Fig. 1B) . The zinc ligands ofCAB (17) , representing the p-strand motif, were three of four residues in two adjacent hydrogen-bonded pairs joining two antiparallel p8-strands. The two ligands on one p-strand were separated by one intervening residue. All four of the residues in the two adjacent hydrogen-bonded pairs had their Caky bonds pointing towards the zinc ion and the open coordination position, so appropriate substitution of any three of the four side chains could create a potential zinc-binding site. In carboxypeptidase A (18) and superoxide dismutase (19) , two of the zinc ligands, separated by two intervening residues, were in the 1 and 4 positions of a type I p-turn. In the a-helical motif seen in thermolysin (21), elastase (23) , and neutral protease (24) , two histidine ligands, separated by three intervening residues, were linked by an a-helical, main-chain hydrogen bond. The third ligand was on an adjacent antiparallel helix.
The main-chain hydrogen-bonding constraint in all of these structures caused two of the ligating side chains to extend away from the backbone in approximately the same direction, positioning the zinc-ligating atoms near to each other. Only alcohol dehydrogenase (20) , which differs from the other catalytic sites in both ligand type and sequential spacing (11) , contained a catalytic zinc site lacking two hydrogenbonded ligands. Thus, the available protein structures with catalytic zinc sites showed that a main-chain hydrogen bond L2 and H2 (yellow), and L3 and H3 (green). In this view the two halves of the binding site (top) face forward. Although the CDRs show much more structural variation than the framework regions, all the antibodies shared the (3-strand structure that extends from the framework into the CDRs. The figure was rendered using the programs AMs and MCs (22) and displayed on a Sun TAAC-1. (B) Zinc-binding sites in CAB (17) , superoxide dismutase (SOD) (19) , carboxypeptidase A (CPA) (18) , and thermolysin (TLN) (21) showing the main-chain hydrogen-bond patterns of the ligating residues and the intervening structure (8-strand, 3-turn, and a-helix) between the sequentially close ligands.
was important for proper ligand arrangement, whereas the major backbone conformation, /3-sheet, /8-turn, or a-helix, was variable. Therefore, we examined the CDRs of the available antibody structures for main-chain hydrogenbonded residues that would make up two of the three zinc ligands. The metalloenzyme zinc-binding sites were then superimposed onto these antibody sites to provide threedimensional templates for zinc sites in antibodies.
Design of General Zinc-Binding Sites in Antibodies. Within the VL and VH CDRs, 11 sites for metal coordination were identified (Table 1) We chose to test our design approach using the L1-L3 site, which consisted of residues 34, 89, and 91 [Kabat numbering (15) ]. This site satisfied all of our design requirements: (i) a structurally conserved, sequence-variable region common to all antibodies, (ii) a pair of hydrogen-bonded residues, and (iii) three ligands that would position the zinc and its solventexposed site to interact with bound antigen. The main-chain hydrogen bond between residue 34, the last residue of L1, and residue 89, the first residue of L3, continued the framework antiparallel /-sheet structure into the CDRs. The main- chain and side-chain positions in the L1-L3 site strongly resembled the zinc-binding site of CAB (Fig. 2A) . In all antibodies, the CO and CO atoms of residues 89, 91, and 34 extended out from one side of the /3-sheet with stereochemistry similar to residues 94, 96, and 119 of the enzyme. In the antibodies D1. (17) (Left) with the residues (yellow) of the Li (red)-L3 (green) site in the HyHEL5 structure (25) (17) onto residues Gln-89, Trp-91, and Tyr-34 ofthe antibody HyHEL5 (25) revealed that the zinc ion would be positioned near the center of the bottom of the binding pocket in an apparently ideal orientation to act as a catalytic cofactor (Fig. 2B) .
Residue replacement and metal binding should not have a significant effect on the folding of the CDRs, because amino acid substitutions are not uncommon for these four antibody residue positions. For example, Tyr-34 is replaced by a histidine in both antibodies J539 and HyHEL10. However, even apparently conservative mutations could result in significant conformational changes if CDR residues have unidentified structural functions (26) .
A VL metal site positioned deep in the pocket, such as the L1-L3 site, would interact with a substrate whose binding site would be formed by other antibody residues, especially those from the highly variable H3 (Fig. 2B) . Because of H3 variability (Fig. 1A ) and its involvement in many antigenantibody interactions (13, 16) , chimeric antibodies composed of substrate-specific heavy chains and our metal-binding light chain should bind substrate adjacent to the metal ion, thereby allowing catalysis.
Design of a Specific Zinc-Binding Site in an Anti-Fluorescein Antibody. To investigate L1-L3 metal site, we built a model based upon the crystal structure ofthe complex offluorescein bound to the anti-fluorescein antibody 4-4-20 (16) . Since changes in the fluorescence spectrum of fluorescein should occur if both metal ion and antigen bind simultaneously, remodeling the anti-fluorescein Fv should be an excellent test for our template-based design. The 4-4-20 antibody structure, not used in our analysis of potential zinc-binding sites, had the predicted common structural elements seen in our antibody data base. As in McPC603, the L1-L3 site of 4-4-20 had two pairs of hydrogen-bonded residues, residues 34 and 89 and residues 32 and 91. Replacement of Arg-34 and Ser-91 by histidine residues was expected to decrease the fluorescein binding constant of the mutant relative to the wild-type antibody, because these two residues are hydrogen bonded to the hydroxyl of fluorescein in the crystal structure. Superposition of the Ca and C" atoms of CAB His-119, -94, and -96 onto the corresponding atoms of VL Arg-34, Ser-89, and Ser-91 placed the zinc ion at the bottom of the antibody binding pocket with its solvent-exposed surface close to the hydroxyl of fluorescein, such that the van der Waals surfaces of these two atoms almost touched (Fig. 3) Competitive binding studies show that QM212, like CAB, has a preference for copper over zinc over cadmium binding (31) . By Scatchard analysis (Fig. 4) combinatorics. Given that the introduction of three histidine residues into an antibody created a metal-binding site without disrupting protein folding, the site could be further optimized by considering secondary environmental effects (29) in our model, such as precise ring alignment requirements or the satisfaction of additional side-chain hydrogen bonds. This process of characterizing and testing should increase fundamental knowledge of enzyme catalysis by defining the requirements for cofactor binding and environment.
The ability to design metal-binding sites in structurally conserved areas of the CDRs should have broad implications for catalytic antibody design. For example, humanized monoclonal antibodies (10) directed against medically important targets may be modified, while retaining binding, to achieve peptide bond cleavage or other chemical reactions. The ability to construct zinc coordination sites in antibodies as shown here and to raise anti-peptide antibodies that cross-react with flexible, exposed regions of proteins as shown previously (30) suggests that sequence-specific, sitedirected proteases may be obtained by adding a zinc-binding site to the appropriate antibody. Also, combining metalbinding light chains with various heavy-chain libraries raised to different substrates will extend this method to a wide variety of important reactions that use a metal cofactor. Finally, although we have focused on zinc metalloenzymes, antibodies could be remodeled to bind other cofactors after determining the stereochemical preferences for the cofactor sites. Thus, to design superior catalytic antibodies, immune selection to optimize binding can be combined with templatebased design to optimize catalysis.
